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In solving ultrasonic flaw characterization problems, flaw type information is often 
needed in order to pursue succeeding tasks such as flaw sizing. In a typical inspection, the 
interaction of the incident ultrasonic pulse with the flaw results in aseries of signal trains. A 
variety of signal features are extracted from these flaw signals and then used as the basis for 
the classification process. This classification process is made difficult by the large number 
of possible scattered waves. For example, typical ultrasonic signals from a planar crack-like 
defect consist of reflected responses, surface traveling waves, edge diffracted waves and 
head wave components. For a volumetric void-like defect, the returned signal pattern 
similarly contains reflected waves of the same mode as weIl as mode-converted reflections 
and "creeping" waves. However, in pulse-echo testing a fundamental difference exists 
between a crack-like flaw and a volumetric flaw that can be used for classification purposes. 
This difference is reflected in the fact that a significant mode-converted diffracted wave 
component can exist for a crack-like defect (Fig. l(a» which does not exist in pulse-echo 
testing for a volumetric defect (Fig.1(b» . 
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Fig. 1 Ultrasonic pulse-echo (backscattered) signals from (a) crack-like flaw and 
(b) volumetric flaw. Note that volumetric back-scattered response Lr - O. 
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Although mode-converted diffracted responses contain significant information useful 
in the classification process, standard techniques have mainly employed specularly reflected 
signals of the same mode type. Even advanced techniques such as the 
satellite-pulse technique [1], a variation based on the Delta Technique [2] and the LLT-
technique [3] have not fully exploited these features. 
In this work, we present a practical way to use mode-converted diffracted wave 
features in a near pulse-echo configuration to classify the local defect geometry as either 
crack-like or volumetric [4]. These two classes of defects are modeled here by two 
canonical geometries, namely, a circular cavity and a through-thickness surface-breaking 
crack. Theoretical predictions for classifying these two model scatterers are exarnined, and 
are verified by experiment. 
11IE NEW CONCEPT 
Consider an incident pulse of T type (hereafter we will denote a longitudinal wave by L 
and a transverse shear wave by T) launched in a near pulse-echo setup as shown in Figure 2. 
If the unknown flaw is of a volumetric type such as a void or inclusion, the local flaw 
geometry near the position where the incident wavefront first strikes the flaw can be 
approximated as a planar specular reflector parallel to the wavefront. Elastodynarnics theory 
then predicts that for a small angle e, Tr , the amplitude of the specularly reflected T wave, is 
large and littIe mode conversion occurs at the specular point, Le. the amplitude ratio Llfr is 
smalI, where Lr is the amplitude of the mode-converted reflected L wave. However, for a 
sharp edge reflector such as a crack, the edge-diffracted T wave, whose amplitude is Td, is 
received instead, and a mode-converted edge-diffracted L wave also exists, whose 
amplitude, Ld, is non-zero. By the geometric theory of diffraction (as will be discussed 
later) for a crack, the magnitude of Ld is expected to be of the same order as Td provided that 
the incident wave direction lies in an optimal range. Thus, the existence, in near pulse-echo 
measurements, of a significant amplitude ratio Lcffd' of mode-converted L vs. same-mode T 
(or, similarly, TJLd ratio for an incident L wave) can be used to classify unknown flaws. 
Although the mode-converted Ld wave is small in amplitude, it is the first-arriving signal at 
the transducer so, with a sufficient signal-to-noise ratio it should be easily identified from the 
other waves. 
In the actual implementation as depicted by Fig. 2, the probe mounted on the trailing 
wedge B serves as both the transmitter of the T incident wave and the receiver of the ~ 
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Fig. 2 The dual-probe-wedge inspection geometry for the proposed flaw classification 
concept 
wave that is mode-converted from the returning Tr or Td wave at the wedge-specimen 
interface. The probe mounted on the leading wedge A is used as a second receiver (R2) of 
the LI wave that is refracted into wedge A from the retuming mode-converted Lr or Ld 
waves. The two scanning paths (L and T) were designed to "focus" on prescribed flaw 
locations. For different sampIes and flaw locations, the setup will have to be adjusted. 
However, the main purpose here was to verify the new concept, and not to account for 
general situations. 
TIIEORETICAL PREDICTIONS 
In this section, we investigate the scattering problems ofvolumetric and crack-like 
flaws due to an incident plane shear wave in compliance with above configuration. 
Particularly, we concentrate on the theoretical response oftwo model scatterers, namely, a 
cylindrical cavity and a semi-infinite crack. 
The problem of elastic shear wave scattering by a cylindrical cavity has received 
considerable previous attention. The exact solution for an incident plane harmonie shear 
wave is available by the separation of variables method [5]. For our case, since only the 
early arriving specular reflected response is of primary interest, we can employ the 
elastodynamic Kirchhoff approximation (which hereafter is abbreviated as EKA) directly to 
obtain this responses. The EKA is applied to an an integral formulation that is valid for a 
generally smooth, convex 2-D cavity of arbitrary shape [4]. In the high frequency limit, the 
integral is evaluated for a circular void via the method of stationary phase. In the far-field, 
the L/fr time signal ratio can be obtained as: 
1 
L. ( 2 sin<\>Cos2(8..,p»)2 Ksin48 
Tr = sin8 sin2<j>sin28 + K2 cos2 28 ; 
(1) 1 sin8 CL <j>=tan- K =-
K + cos9' Or 
where the opening angle 8 is defined in Fig. 2. The reflected L. response becomes an 
inhomogeneous wave on the void's periphery when the reflected Lr wavefront is parallel to 
the normal at the specular point. With K = 1.83, this occurs at a critical opening angle 8cr = 
123° and hence eq. (1) is no Ion ger valid beyond 8er• Also note that in the small angle 
region (8 < 15°) where the geometrical factor (square root term) in eq. (1) is close to 1, the 
displacement reflection coefficient primarily controls this ratio value. 
The model scatterer we used in this work for a crack-like flaw is the semi-inImite crack 
(half-plane). Here we follow the solution of [6] which uses the classieal Wiener-Hopf 
technique. In the far field, results can then be derived asymptotically via the method of 
steepest descents. For our inspection setup in Fig. 2, the LctfT d signal ratio can be expressed 
in the form 
(2) 
Where oi (u,ß) and Ti[ (u,ß) are the T~ Td and T~ Ld "diffraction coefficients", 
respectively [6]. 8 is again the opening angle, ß is the incident wave angle measured from 
crack face, and u = 8 + ß. For small 8 and angle ß around the 120° _ 150° range, eq. (2) 
predicts relatively large values for the signal ratio for cracks. In the limit as 8 ~ 0°, the void 
ratio vanishes while crack ratios are all above 0.45. Even up to 8 = 10° the crack ratios are 
at least two times higher than the void ratio. Thus, in a "quasi" pulse-echo setup (8 < 10°), 
these theoretical predictions indicate that there should be a significant difference in the 
measured signal ratios, as indicated earlier. 
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EXPERIMENTAL VERIFICATIONS 
We have conducted experiments to verify the theoretical predictions obtained in the last 
section. The theoretical model scatterers (cylindrical cavity and semi-infmite crack) were 
replaced in our experiments with side-drilled holes and through-thickness fatigue cracks 
respectively. In addition, several pieces of slag were used to represent a more realistic 
volumetric scatterer as might be found, for example, in weId problems. 
Westinghouse Electric Corporation provided us with two mild steel blocks of 
43.2x10.2x7.3 cm dimensions (L wave speed = 0.59 cm/Ils and T wave speed = 0.32 
cm/Ils), containing fabricated defects. In one block, a through-thickness fatigue crack was 
located at the midspan of the 43.2 cm length. The crack depth was visually measured as 1.9 
cm on the side face and had an average inside depth of 2.05 cm as measured later 
ultrasonically. Four side-drilled holes with the same depth as the crack tip were also placed 
in the specimen. The diameters of the holes were 2,3,4 and 5 mm, respectively. The other 
steel block contained a strip of slag which was welded (at the same crack depth as the 
previously mentioned flaws) across the block width. From ultrasonic 6dB drop tests at 
normal incidence, the slag strip was deduced to be a uniform U -shape profile opening 
downward with the same width and depth across the steel block width. 
Wedge B (Fig. 2) was a Panametrics M4011s snap-in miniature angle beam wedge 
made of polystyrene for low attenuation. Wedge A was made of lucite and was speciaIly 
designed to receive mode-converted signals from the crack-hole-si ag targets below the top 
scan surface. The centers of the two transducer beams were ca1culated to 1.6 cm apart, 
which corresponds to an angular opening, e, of 9° in a near pulse-echo scan geometry. A 
pair of Panametrics 535s narrowband miniature angle beam transducers of type A (5 MHz 
central frequency, 0.25 inch diameter) were chosen for high sensitivity in detecting the 
crack-tip diffraction signals. Transducer TIR1 mounted on wedge B was driven by a 
Panametrics 5052PR pulser-receiver to generate a mode-converted 49° T incident pulse in 
the steel block. The signals received by the transducers were displayed on a LeCroy 9400 
dual trace digital oscilloscope and recorded by an on-site camera. 
A total of seven data sets were taken at different locations along the block width from 
both sides of the fatigue crack. Wedge B was first placed aiming at the crack root to obtain a 
strong corner reflection echo. We used this echo as a reference to identify the same-mode 
crack-tip Td diffracted response. Once this diffracted echo was maximized, the mode-
converted Ld diffracted signal can then be located from simple ray tracing. It is known that 
during the measurement process the incident pulse is subjected to various losses or 
distortions due to effects such as finite transducer bandwidth, transducer beam spreading, 
transmission differences at interfaces, and material attenuation. Since we are interested in 
signal ratio measurements obtained in a quasi-pulse-echo configuration, most losses or 
distortions can be considered to be "divided out". The remaining effects in our case are then 
reduced to the attenuation difference between the two wedges and the path length difference 
from the flaw to the two wedges. For the wedge attenuation difference, lucite wedge A was 
estimated to have 80% more attenuation than the polystyrene wedge B at the probe center 
frequency of 5 MHz. We also noted that the direct ray path is 1.1 cm longer than the mode-
converted ray path. After taking these differences into account, we found a multiplicative 
factor of 1.65 should be applied to all data. The corrected amplitude ratio of the seven data 
then had a range ofvalues from 0.31 to 0.69 whereas the corresponding theoretical 
prediction (eq. (2» with e = 9° is 0.56. 
The scanning procedure for the side-drilled holes was the same as for the fatigue crack 
except that the reference crack corner reflection was replaced by the direct specular reflected 
echo. One datum for each hole was taken. The corrected L1/L2 ratios for the four holes are 
from 0.08 to 0.16 and the corresponding Kirchhoffvalue (Eq. (1» is 0.10. Similarly, we 
obtained two slag data. These data were sufficient because of the uniform profile of the slag 
strip across the block depth. The corrected amplitude ratio was ca1culated to be 0.12 for one 
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case and a value of 0.18 for the other. These ratio values generally support what were 
expected from the slag's smooth edge. 
Both theoretical and experimental amplitude ratios for the three types of defects are 
tabulated in Table 1. All fatigue crack data are clearly separated from the group of side-
drilled holes and slag data; even the lowest crack value is at twice that of the highest hole 
data value. Due to the irregularities of the fatigue crack tip, significant scatter in the crack 
data is understandable. In contrast, the hole and slag data were more evenly distributed. 
Both theoretical values in Table 1 are in reasonable agreement with the measurements. 
SUMMARY AND mSCUSSION 
As presented here, the proposed classification concept has been verified in 
experimental testing on fatigue cracks, side-drilled holes, and pieces of slag in steel 
specimens. All data show good consistency in the separation of smooth vs. sharp-edged 
flaws provided that the signal-to-noise ratio is sufficient. Reasonable agreement is observed 
in comparison with elastodynamics theories. 
Since the present technique requires only a direct pulse-echo scanning path, it is 
advantageous over previous methods in situations where 
(1) geometry limits multiple transducer (pitch-catch) configurations, 
(2) multiple reflecting routes are severely blocked or intervened, 
(3) auxiliary reflecting boundaries are not available or not reliable. 
On the other hand, the present technique suffers, as all diffracted wave techniques do, 
from the inherently weak nature of the diffracted waves in comparison with specular 
responses. For materials with high ultrasonic grain noise, this method rnay therefore 
become impractical. Another inherent limitation is the dependence of the amplitude ratio on 
the incident wave angle. For example, for the crack it can be shown that at an edge-on 
incidence the mode-converted diffracted signals vanish in the backscattered direction. 
Likewise, in several "dead zones" the direct diffracted signals also vanish. Thus, it is 
advisable that this method be conducted at more than a single incident angle. 
Table 1 Experimental amplitude ratios and theoretical predictions for three types of defects 
FlawType 
Amplitude Ratio: Ldffdor Lrff r 
Experiment Theory 
0.314 
0.693 
0.395 
Fatigue Crack 0.412 0.557 
0.660 
0.611 
0.561 
0.158 
Side-Drilled Hole 0.076 0.101 0.090 
0.139 
Slag Inclusion 0.120 
0.183 -
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